Abstract
Methods
Electronic medical records were queried from January 1999 to January 2017 to identify patients who fit the clinical criteria for diagnosis of Cowden syndrome with or without a documented PTEN mutation. Patients with brain MRI examinations were then identified.
Results
We retrospectively identified 44 patients with Cowden syndrome, 22 of whom had neuroimaging for review. Eleven (50%) had Lhermitte-Duclos disease, 4 (18.1%) had meningiomas, 13 (59.1%) had at least one developmental venous anomaly, 3 had cavernous malformations, 2 had evidence of dural arteriovenous fistula, 7 had increased white matter signal abnormalities relative to age (31.8%), 4 had prominent perivascular spaces, cerebellar tonsillar ectopia was present in 7 of 21 (33.3%), and 1 had cortical malformation.
Conclusions
It is important to recognize that in addition to Lhermitte-Duclos disease, other intracranial findings such as multiple venous anomalies, meningiomas, greater than expected white matter signal abnormality, prominent perivascular spaces, and cortical malformations may warrant a thorough evaluation for Cowden syndrome in the appropriate clinical setting. We further recommend that this broader spectrum of intracranial abnormalities be considered for addition to the Cowden syndrome diagnostic criteria at the time of next revision.
Cowden syndrome (CS) (also known as Cowden disease or multiple hamartoma syndrome, OMIM 158350) is a rare autosomal dominant genodermatosis characterized by multiple hamartomas of ectodermal, mesodermal, and endodermal origin. It is caused by loss of function mutations in the PTEN gene located on chromosome 10q23. 1 Loss of function of the PTEN gene contributes to overgrowth and risk for a variety of cancers including breast, thyroid, endometrium, skin, kidneys, and colon. Other phenotypes associated with PTEN mutations include Bannayan-Riley-Ruvalcaba syndrome (BRRS) and PTEN-related Proteus syndrome.
1 Revised diagnostic criteria for CS were proposed in 2013, which also recognized that CS can be more broadly considered as part of a spectrum of disorders termed PTEN hamartoma tumor syndrome.
2 Lhermitte-Duclos disease (LDD) is a major criterion for the diagnosis of CS. 2 It is a slow-growing tumor, containing dysplastic rather than neoplastic cells in the cerebellum, and is also referred to as a dysplastic gangliocytoma. Abel et al. 3 suggest that LDD may be best considered as a hypertrophic cellular growth phenomenon superimposed upon a developmental malformation. MRI is the modality of choice for noninvasive diagnosis of LDD, as this reveals a characteristic striated appearance of the mass. 4, 5 In addition to LDD, other intracranial abnormalities are relatively common in patients with CS. These include meningiomas, vascular malformations including developmental venous anomalies (DVAs), cortical malformations, white matter signal abnormalities, and prominent perivascular spaces. However, a similar spectrum of intracranial findings has also been identified more broadly in patients without CS who have PTEN mutations, including those with BRRS. [5] [6] [7] [8] In this study, we retrospectively reviewed the neuroimaging findings of patients with CS (operational diagnosis based on 2013 criteria with or without PTEN mutation) to determine their frequency in a single cohort. 2 Our primary aim was to synthesize these observations with previously published data to determine if additional intracranial abnormalities merit inclusion as diagnostic criteria for CS.
Methods
Standard protocol approvals, registrations, and patient consents Our institutional review board with waiver of informed consent approved this retrospective study.
Electronic medical records were queried to identify patients with confirmed or possible diagnosis of CS, LDD, or dysplastic gangliocytoma of the cerebellum from January 1999 to January 2017.
These records were then manually reviewed by a physician who is dual board-certified in neurology and medical genetics to select patients who fit the clinical criteria for diagnosis of CS with or without a documented PTEN mutation. 2 Patients with brain MRI examinations were then identified. For study inclusion, the MRI at a minimum had to include sagittal T1-weighted, axial T1-weighted, axial T2-weighted, axial T2-weighted fluidattenuated inversion recovery (FLAIR), and axial diffusionweighted (with apparent diffusion coefficient map) pulse sequences. MRI examinations that additionally included contrast-enhanced T1-weighted imaging, a T2* gradient echo sequence, or susceptibility-weighted imaging were also documented. Using a picture archiving and communication system, 2 board-certified neuroradiologists with 11 and 26 years of experience performed a joint consensus review of the MRI studies to evaluate for the following: 2. White matter lesions: A qualitative assessment was made as to whether the amount of cerebral white matter intraparenchymal T2 hyperintensity was greater than expected for patient age 3. Prominent perivascular spaces: Sharply defined foci that followed CSF signal on all pulse sequences without evidence of surrounding gliosis (i.e., FLAIR hyperintensity) 4. Cerebellar tonsillar ectopia: The presence of cerebellar tonsillar ectopia (>5 mm inferior to the plane of a line connecting the basion and opisthion) was determined, and the lowest-lying tonsil was measured 5. DVA: Based primarily upon postcontrast T1-weighted imaging, the number of DVAs was documented for each case; draining veins in the immediate vicinity of LDD were not included in this count, in spite of their resemblance to DVAs 6. Meningiomas: The presence and location of presumed meningiomas was recorded for each case, as defined by a dural-based, extra-axial mass with typical features of a meningioma 7. Magnetic susceptibility: Using T2* gradient echo sequences or susceptibility-weighted imaging, foci of abnormal intraparenchymal magnetic susceptibility suggestive of hemosiderin deposition within the brain were sought; foci of magnetic susceptibility morphologically consistent with a cavernous malformation on other MRI pulse sequences were specifically documented. 8. Brain malformations: The presence of any developmental brain malformation was noted
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Results

Study cohorts
A flow chart illustrating the assembly of the clinical cohorts used for neuroimaging review is shown in figure 1 . We retrospectively identified a total of 44 patients with CS, 23 of
Loss of function of the PTEN gene contributes to overgrowth and risk for a variety of cancers including breast, thyroid, endometrium, skin, kidneys,
and colon.
whom were tested for a PTEN mutation and were positive. Twenty-two of the 44 patients with CS had an MRI that was digitally archived to allow for a detailed review. All of the MRI studies included T1-weighted postcontrast sequences except for one patient who only had a noncontrast MRI due to renal insufficiency. Sixteen of 22 patients with CS had either T2* gradient echo 9 or susceptibility-weighted 7 imaging for review. In 1 patient with CS who was status-post subtotal resection of LDD, only postoperative MRI was available for review, so the remainder of the brain was assessed as detailed in the Methods while the posterior fossa was excluded from assessment. Headache was the most common indication for neuroimaging.
Intracranial imaging features of CS
Fifteen of the 22 patients were women. Mean age (SD) at imaging was 46.1 years (18.7 years) with a median of 51.7 years. Neuroimaging was found to be abnormal in 21 of the 22 patients upon joint neuroradiologist review.
Eleven of 22 patients (50%), 7 of whom were PTEN-positive, had LDD, though preoperative imaging was only available for 10 of 11. Six of the 11 patients (54.5%) with LDD were women. underwent resection. Thirteen patients (59.1%) had at least 1 DVA while 8 (36.4%) had multiple DVAs. Three patients had definite cavernous malformations (right parietal [0.8 cm × 0.9 cm × 0.9 cm], left frontal [0.5 cm × 0.6 cm × 0.6 cm], right cerebral [1.2 cm × 1.3 cm × 1.1 cm]) based on the MRI appearance (2 of these had associated DVAs), and 3 additional patients had multiple small foci of magnetic susceptibility within the brain consistent with nonspecific chronic microhemorrhages. Two patients had evidence of dural arteriovenous fistulas on MRI that had been previously confirmed angiographically. Excluding the 1 case for which preoperative imaging was unavailable, cerebellar tonsillar ectopia was present in 7 of 21 patients (33.3%, range 5-14 mm). One patient exhibited malformations of cortical development that included right perisylvian polymicrogyria and left inferior frontal cortical dysplasia. Seven of the 22 patients had increased white matter signal abnormalities relative to age (31.8%), while 4 patients had prominent perivascular spaces within the cerebral white matter.
The table summarizes the intracranial findings. The 6 images in figure 2 illustrate some of the coexisting MRI abnormalities identified in this study.
Cerebellar tonsillar herniation from LDD vs Chiari I malformation
Excluding the patient with CS who only had a postoperative MRI, cerebellar tonsillar ectopia was present in 7 of 21 (33.3%) patients with CS. However, to account for the potential confounding effect of a space-occupying lesion in the posterior fossa (i.e., developmental vs acquired tonsillar herniation), it was believed to be more useful to assess tonsillar ectopia based on the presence or absence of LDD. Tonsillar ectopia was present in 5 of 10 patients with LDD (5,
Discussion
Our study adds to the existing literature through a comprehensive review of intracranial imaging abnormalities in a relatively large cohort comprising patients with CS. In doing so, we have further detailed the presence of a multitude of neuroimaging abnormalities that are increasingly recognized as common, but often asymptomatic, in patients with PTEN mutations.
Lhermitte-Duclos disease LDD is a major criterion for the diagnosis of CS. 2 Immunohistochemical analysis of LDD indicates activation of the PTEN/AKT/mTOR pathway, suggesting a central role for mTOR in the pathogenesis of LDD.
3 LDD is histologically characterized by thickening and abnormal myelination of the molecular layer in the cerebellum, attenuated or absent Purkinje cells, infiltration of the granular cell layer by abnormal dysplastic ganglion cells, and variable vacuolization of white matter.
3,9 LDD, the prototypical brain lesion in CS, was identified in 50% of our patients. This is a higher proportion than previously reported. For example, LDD was previously described in 3 of 20 patients (15%) with CS, 6 and in 17 of 180 (9.4%) patients with a proven germline PTEN mutation. 10 This may represent an overestimation due to referral bias since our institution is a tertiary neurosurgical center. As has been previously described, 10 our patients with LDD were female predominant (54.5% CS).
Intracranial vascular malformations
In light of the increasingly understood PTEN-mediated control of angiogenesis, 11 it is logical that patients with CS and other PTEN hamartoma tumor syndromes are systemically predisposed to vascular malformations. [12] [13] [14] [15] In our retrospective study, DVAs were actually more frequently Intracranial arteriovenous fistula 2 (9.1%)
Intracranial arteriovenous malformation 0
Pontine capillary telangiectasia 1 (4.5%)
Malformation of cortical development 1 (4.5%)
Our series and previous publications suggest that the association between CS and tonsillar herniation may not be coincidental or purely secondary to mass effect from LDD.
seen in patients with CS than LDD (59.1% vs 50%), and we also observed a high frequency of patients with multiple DVAs. In a case series of 20 patients with CS, Lok et al. 6 described single DVAs in 3 patients and multiple DVAs in 2, while an additional case report documents a 55-year-old woman with CS, LDD, and multiple DVAs. 16 DVAs were also identified in 8 of 9 pediatric patients with PTEN mutations who underwent brain MRI, likewise with a tendency toward multiplicity.
14 To put these observations in context, the incidence of DVAs noted in patients with CS is higher than in the general population, as noted in several studies, such as in the study of Gokce et al., 17 who noted 75 patients had DVAs (6.4%) in a series of 1,165 consecutive cranial MRIs, and most had only 1 (65/75). This apparent overrepresentation lends further support to the specific inclusion of multiple intracranial DVAs as a minor criterion for the diagnosis of CS. 2 We identified intracranial cavernous malformations in 3 patients with CS (13.6%). An additional 3 patients with CS had evidence of previous microhemorrhages, which were believed to be nonspecific but one or more of them could be related to tiny cavernous malformations. Previous cohorts comprising patients with CS and PTEN mutations have likewise documented cavernous malformations. 6, 10, 14 This is not surprising since DVAs have a high rate of associated cavernous malformations, which was estimated in one systematic review as 2%-40%. 
Meningiomas
In 1984, Starink 7 summarized 83 patients with CS and identified 3 patients with meningiomas. However, given that some of these cases predated modern cross-sectional imaging of the head, small asymptomatic meningiomas would not have been reported. As part of a case report and literature review in 1993, Lyons et al. 19 reported 160 cases of CS (all but 13 were after the advent of CT), and they concluded that a patient with CS is approximately 1,000 times more likely to develop a symptomatic intracranial meningioma than an unaffected person. Additional case series have subsequently documented meningiomas in 1 of 8 patients with LDD 5 and 1 of 20 patients with CS. 6 In the most recent case report and systematic review based upon 109 individuals with CS and confirmed PTEN mutations, the prevalence of meningiomas (8.25%) was similar to LDD (9.17%). 8 The 18.2% frequency of meningiomas in patients with CS in our study was less than that of LDD (50%), though still much higher than expected, particularly given that the mean age was only 46.1 years. For comparison, an imaging-based screening study of middle-aged and older adults from the general population identified meningiomas in 0.9%. 20 In a large epidemiologic study with over 13,000 newly diagnosed meningiomas, the mean age at presentation was 57.7 years. 21 Thus, we propose that CS should be considered in the differential diagnosis of a young patient (<50 years) with asymptomatic or incidentally noted meningiomas, especially when associated with other supporting clinical and neuroimaging abnormalities. Although inclusion of meningioma as a major criterion for the diagnosis of CS has been suggested, 8 it would be more appropriate as a minor criterion since it lacks the specificity of LDD.
Cerebellar tonsillar herniation from LDD vs Chiari I malformation Cerebellar tonsillar herniation has been described in association with numerous cases of LDD. 9, [22] [23] [24] [25] [26] [27] Other cases of patients with PTEN mutations and Chiari I malformation have been reported in the absence of LDD. 24 However, the presence of a space-occupying lesion in the posterior fossa is confounding, so it remains unknown as to whether the tonsillar descent is entirely acquired (secondary) or partially developmental. We found that 5 of 10 patients with CS with LDD and 2 of 11 patients with CS but no LDD had tonsillar ectopia. While the relative proportions and severity were not significantly different, this assessment is limited by our small sample size. With the understanding that tonsil position varies with age and sex, the imaging prevalence of Chiari I malformation (defined by tonsillar descent greater than 5 mm) in the general population has been estimated as 0.24%-3.6%, 28 suggesting an overrepresentation in our cohort. Our series and previous publications suggest that the association between CS and tonsillar herniation may not be coincidental or purely secondary to mass effect from LDD. It is worth noting that tonsillar herniation has been seen in other tumor suppressor syndromes like neurofibromatosis 29 and is also a feature of overgrowth syndromes due to mutations in the PI3-AKT pathway. 30 Malformations of cortical development In our study, a single patient with CS (4.5%) was found to have malformations of cortical development that included perisylvian polymicrogyria and contralateral inferior frontal cortical dysplasia. Previous reports of similar malformations exist. 31 The PI3K/ AKT/mTOR signaling pathway has been shown to be important in brain development and loss of function PTEN mutations result in dysregulated AKT activity, which is one proposed pathway that could lead to these malformations. 30, 32 White matter abnormalities and prominent perivascular spaces Although the white matter can be abnormal in the setting of developmental malformations, multifocal white matter signal abnormalities have been reported more broadly in the setting of PTEN hamartoma tumor syndrome, including foci that follow CSF signal on MRI, thereby making them compatible with dilated perivascular spaces. [33] [34] [35] In our series, we found white matter signal abnormality that was greater than expected for age in 31.8% and prominent perivascular spaces in 18.2% of our patients with CS. The mechanism behind enlarged perivascular spaces in CS is not clear, though they are seen in other genetic syndromes such as storage disorders (mucopolysaccharidosis). 36 Not only should PTEN mutation be added to the differential diagnosis for an MRI with enlarged perivascular spaces, but static multifocal white matter abnormalities and dilated perivascular spaces in a patient with an established PTEN mutation or clinical signs of a PTEN hamartoma tumor syndrome should not prompt additional testing for a separate white matter disorder. 35 
Limitations
Our study is limited given its retrospective nature that includes a cohort derived from single institution. Population frequency data cannot be defined due to the nature of this study. In particular, the high percentage of LDD and meningiomas in our cohort of patients with CS compared to a previous review may reflect a referral bias to a tertiary neurosurgical center.
Conclusions and recommendations
It is important to recognize that additional seemingly unrelated intracranial findings such as multiple DVAs, meningiomas, greater than expected white matter signal abnormality, prominent perivascular spaces, and cortical malformations may warrant a thorough evaluation for CS and other forms of PTEN hamartoma tumor syndrome in the appropriate clinical setting. We further recommend that this broader spectrum of intracranial abnormalities be considered for addition to the CS diagnostic criteria at the time of next revision. The relationship between LDD and cerebellar tonsillar herniation needs further investigation to better delineate the contribution of mass effect in the posterior fossa from a potential predisposition related to PTEN mutation.
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